Introduction
============

Glioma is the most common brain cancer and the seventh leading cause of cancer-related death worldwide.[@b1-ott-12-1509] Despite the advances in the diagnosis and treatment of glioma in the last few decades, the overall survival is still short due to the high resistance to traditional chemo- or radiotherapy and metastasis. A number of oncogenes and tumor suppressor genes were investigated, regulating glioma initiation and aggressiveness, such as inducing cell cycle, cancer cell stemness and epithelial--mesenchymal transition.[@b2-ott-12-1509] However, the management of glioma remains problematic. Hence, there is an urgent need to further investigate the molecular mechanisms underlying glioma progression and identify new therapeutic targets.

Kruppel-like factor 13 (KLF13) belongs to the KLF family and has been involved in various biological processes, such as cell proliferation and differentiation. KLF13 is predominantly expressed in heart, interacting with GATA-4 and regulating the early stage of cardiogenesis.[@b3-ott-12-1509] In the mice model, KLF13 deficiency impaired the generation of memory-like CD8+ T cells and erythropoiesis.[@b4-ott-12-1509],[@b5-ott-12-1509] Moreover, KLF13 promoted porcine adipocyte differentiation through PPARγ activation.[@b6-ott-12-1509] KLF13 is also found to have diverse roles in cancer. Wang et al[@b7-ott-12-1509] reported that KLF13 was notably decreased and overexpression of KLF13 inhibited prostate cancer cell proliferation by suppressing AKT activation. A functional screening suggested that KLF13 induced apoptosis in pancreatic cancer cells.[@b8-ott-12-1509] However, overexpression of KLF13 and FGFR3 was found in oral cancer and is responsible for cell proliferation and resistance to ionizing radiation.[@b9-ott-12-1509] Also, KLF13 is critical for human papillomavirus (HPV) life cycle and cervical cancer.[@b10-ott-12-1509] Thus, its roles in glioma need to be further elucidated.

Emerging evidence has demonstrated that epigenetic modification played pivotal roles in cancer.[@b11-ott-12-1509]--[@b13-ott-12-1509] DNMT1 is a member of DNA methyl transferase family, along with DNMT2, DNMT3A, DNMT3B, DNMT3L, regulating target gene expression by the CpG island methylation.[@b14-ott-12-1509] In glioma, DNMT1 was reported to epigenetically repress the expression of miRNAs and lncRNAs to promote cell proliferation, stem-cell-like phenotype and chemoresistance.[@b15-ott-12-1509]--[@b18-ott-12-1509]

In this study, we demonstrated that KLF13 expression was significantly downregulated in glioma tissues and overexpression of KLF13 inhibited cell proliferation and invasion, which could be reversed by AKT activation. Mechanically, DNMT1 was responsible for the hypermethylation of the KLF13 promoter in glioma tissues and cell lines. Knocking down of DNMT1 could restore the expression of KLF13 and suppress cell proliferation and invasion. Moreover, we found negative correlation between DNMT1 and KLF13 in both cell lines and glioma tissues. Therefore, upregulating KLF13 or inhibiting DNMT1 might serve as a new approach for glioma.

Materials and methods
=====================

Tissue samples
--------------

Three glioma tissues and paired adjacent normal tissues were collected from patients undergoing surgical resection between 2012 and 2015. Written informed consent was obtained from all the patients, and this study was conducted in accordance with the Declaration of Helsinki. The tissues were stored at −80°C for further investigation.

Vector construction
-------------------

The vectors were purchased from GeneChem (Shanghai, China). Briefly, N-terminal Flag-tagged KLF13 was constructed by PCR and cloned into pLVX-TetOne vector. Myr-AKT was constructed by adding the *src* myristoylation signal sequence[@b19-ott-12-1509] to the 5′-end of AKT cDNA, generating the constitute activation form. pCDNA3-Myr-AKT-ER was generated by cloning Myr-AKT without the stop codon into pCDNA3 containing the estrogen receptor (ER) ligand-binding domain as described previously.[@b20-ott-12-1509],[@b21-ott-12-1509] The Myr-AKT-ER fusion protein can be specifically activated by 4-hydroxytamoxifen (4-OHT; Calbiochem, La Jolla, CA, USA).

Cell culturing and lentivirus infection
---------------------------------------

Glioma cell lines U251, U87MG and A172 were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). All cells were maintained in DMEM supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100 mg/mL) at 37°C in a humidified chamber with 5% CO~2~.

Lentiviral packaging was performed in 293T cells by following the lentivirus packaging protocol using pLVX-TetOne-KLF13, psPAX2 and pMD2.G vectors (Addgene, Cambridge, MA, USA). Glioma cells were infected with lentivirus at a multiplicity of infection of 10 with polybrene and selected with 2 µg/mL puromycin for stable cell lines.

siRNA transfection
------------------

For knocking down DNMT1, DNMT3A and DNMT3B, we transfected siRNAs targeting the three genes into glioma cells using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer's protocol. siRNAs were purchased from Genepharma (Shanghai, China). The sequences of siRNAs were as follows: si-dnmt1, 5′-UUGUUAAUAGGGAUGGCGGUU-3′; si-dnmt3a, 5′-CAACAUCGAAUCCAUGAAAUU-3′; and si-dnmt3b, 5′-ACGCACAGCUGACGACUCAUU-3′.

Quantitative real-time PCR (qRT-PCR)
------------------------------------

RNAs from cells were isolated using Trizol reagent (Thermo Fisher Scientific) as described previously. The first-strand cDNA was synthesized using PrimeScript RT Master Kit (Takara, Kusatsu, Japan). The qRT-PCR was performed using SYBR Green methods on ABI7500 System (Thermo Fisher Scientific). The relative expressions of genes were calculated by the 2^−∆∆Ct^ method, and β-actin was used as internal control. The primers used were as follows: KLF13, 5′-CGGCCTCAGACAAAGGGTC-3′, 5′-TTCCCGTAAACTTTCTCGCAG-3′; DNMT1, 5′-AGGCGGCTCAAAGATTTG-GAA-3′, 5′-GCAGAAATTCGTGCAAGAGATTC-3′; DNMT3A, 5′-AGTACGACGACGACGGCTA-3′, 5′-CACACTCCACGCAAAAGCAC-3′; DNMT3B, 5′-AGGGAAGACTCGATCCTCGTC-3′, 5′-GTGTGTAGCTTAGCAGACTGG-3′; and β-actin, 5′-CATGTACGTTGCTATCCAGGC-3′, 5′-CTCCTTAATGTCACGCACGAT-3′.

Western blot
------------

Total protein was extracted using RIPA buffer containing protease and phosphatase inhibitors (Hoffman-La Roche Ltd., Basel, Switzerland). Western blot was performed as described previously. The bands were visualized using electrogenerated chemiluminescence methods. The primary antibodies used were as follows: anti-KLF13 (18352-1-AP), anti-Flag (66008-2-Ig), anti-β-actin (60008-1-Ig) obtained from ProteinTech (Wuhan, China); anti-AKT (4691), antiphospho-S6 (4858), and anti-S6 (2317) obtained from Cell Signaling Technology (Cambridge, MA, USA); anti-DNMT1 (ab13537), anti-DNMT3A (ab2850), and anti-DNMT3B (ab2851) obtained from Abcam (Cambridge, UK).

Cell proliferation
------------------

Cells were plated into 96-well plates at a density of 1,500/well. For cell proliferation assay, 10 µL Cell Counting Kit-8 (CCK-8) reagent was added, incubated for 2 hours, and the absorbance at 450 nm was measured.

Transwell assay
---------------

Cell invasion ability was measured using 24-well BD Matrigel (BD Biosciences, San Jose, CA, USA) invasion chamber as described previously. Cells were pretreated with DMSO or doxycycline or 4-OHT and then seeded into the upper chamber without FBS, at the density of 5×10^5^ cells/well. The lower chamber had medium with 20% FBS. After 48-hour culturing, noninvaded cells were removed, and invaded cells were stained by crystal violet and calculated.

DNA extraction and bisulfite sequencing PCR
-------------------------------------------

Genomic DNA from tissues and cells was extracted using TIANamp Genomic DNA kit (Tiangen, Beijing, China), followed by the treatment of sodium bisulfite using the EZ DNA Methylation-Gold Kit (Zymo, Orange, CA, USA). The treated DNA was amplified by PCR using paired primers to recognize the region (−984 to −697 before the transcriptional start site) of the KLF13 promoter. The primers used were as follows: 5′-GAGGGGCAGCCTAGAAGAGTTGGCA-3′ and 5′-CAACTCCCACAAAAAAAACAAACTC-3′.

Chromatin immunoprecipitation (ChIP)
------------------------------------

ChIP was performed as described previously.[@b22-ott-12-1509] In brief, 10^7^ cells were fixed in 1% formaldehyde and sonicated until the average length of DNA fragment was about 250 bp. Equal amount of DNA was used as "Input" in each group. Then, the anti-DNMT1, anti-DNMT3A and anti-DNMT3B were added to immunoprecipitate the DNA--protein overnight at 4°C. The DNA--protein was digested with proteinase K, and DNA fragment was purified and used for PCR. The primers used were as follows: 5′-CTGGCACGTAGTTCGCTTCTGGAG-3′ and 5′-GAGGGACAGACTCGGGCTCGTTC-3′. To calculate the amount of immunoprecipitated DNA, % Input =2(−ΔCt \[normalized ChIP\]); ΔCt \[normalized ChIP\] = (Ct \[ChIP\] − (Ct \[Input\] − Log~2~ (input dilution factor))).

Public data acquisition
-----------------------

The Oncomine database (<https://www.oncomine.org/resource/login.html>) was used to explore the expression of KLF13 in glioma. GEO data sets GSE4290 (23 nontumor brain tissues and 77 glioma tissues in grade 4 and four glioma tissues of unknown grade) (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE4290>) and GSE4058 (three nontumor tissues and 30 glioblastoma multiforme tissues of unknown grade) (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE4058>) were used to measure the expression values of KLF13 and DNMT1 in glioma tissues. The data from the PROGgeneV2 Prognostic database[@b23-ott-12-1509] (<http://watson.compbio.iupui.edu/chirayu/proggene/database/index.php>) were used to explore the association between KLF13 expression and glioma patients' survival according to the data in GSE4271 containing 77 primary high-grade tumors and 23 matched recurrences.

Statistical analysis
--------------------

The statistical analysis was performed using SPSS 21.0 (IBM Corporation, Armonk, NY, USA). Data were presented as mean ± SEM from at least three independent experiments. Student's *t*-test or ANOVA test was used to measure the difference between groups. The Mann--Whitney test was used to measure the expression of KLF13 or DNMT1 in glioma tissues and normal tissues. Pearson's test was used to measure the correlation between KLF13 and DNMT1. Survival was estimated by the Kaplan--Meier method with the log-rank test. A *P*-value of \<0.05 was considered statistically significant.

Ethics statement
----------------

Ethical approval for this study was obtained from the ethics committee of Inner Mongolia People's Hospital.

Results
=======

KLF13 is downregulated in glioma tissues and associated with better survival
----------------------------------------------------------------------------

To explore the role of KLF13 in the progression of glioma, the expression of KLF13 was evaluated in clinical glioma tissues and normal tissues according to the Oncomine database. As shown in [Figure 1A and B](#f1-ott-12-1509){ref-type="fig"}, KLF13 was significantly downregulated in glioma tissues compared to that in normal tissues. More importantly, we noticed that patients with high expression of KLF13 had a longer survival by analyzing the PROGgene V2 database. The 3- and 5-year survival rates of the patients with high expression of KLF13 were about 45% and 33%, respectively. However, in patients with low expression of KLF13, the rates were only about 20% and \<10%, respectively ([Figure 1C](#f1-ott-12-1509){ref-type="fig"}). Altogether, these results indicated that KLF13 might play a tumor suppressor role in glioma.

KLF13 inhibits cell proliferation and invasion
----------------------------------------------

To further explore the function of KLF13 in glioma, we performed an inducible overexpression of KLF13 in A172 and U87MG cells. By doxycycline treatment, KLF13 was effectively expressed, as evidenced by Western blot using anti-KLF13 antibody ([Figure 2A and B](#f2-ott-12-1509){ref-type="fig"}) and qRT-PCR ([Figure S1](#SD1-ott-12-1509){ref-type="supplementary-material"}). The results from CCK-8 assay indicated that the proliferation was significantly retarded when KLF13 was overexpressed compared to control groups ([Figure 2C and D](#f2-ott-12-1509){ref-type="fig"}). Moreover, the cell invasion ability was suppressed as well after KLF13 over-expression ([Figure 2E and F](#f2-ott-12-1509){ref-type="fig"}). Altogether, these results indicated that KLF13 could inhibit cell proliferation and invasion.

KLF13-mediated suppression effects can be reversed by AKT activation
--------------------------------------------------------------------

Previous study suggested that KLF13 inhibited AKT activation, thereby, impaired cell proliferation. So, we used ER-inducible expression system of constitute-activated AKT (caAKT) to assess whether KLF13-mediated tumor suppression could be reversed by AKT signaling. We transfected Myr-AKT into A172 and U87MG cells and induced the expression of AKT by 4-OHT. The Western blot results demonstrated that caAKT could significantly upregulate pS6 expression, which was suppressed by KLF13 overexpression ([Figure 3A and B](#f3-ott-12-1509){ref-type="fig"}). Consistently, the cell proliferation rate was significantly elevated when caAKT was overexpressed, regardless of the expression of KLF13, compared to the control group ([Figure 3C and D](#f3-ott-12-1509){ref-type="fig"}). We noticed that there was no significant difference between KLF13−/AKT+ and KLF13+/AKT+ groups. Also, the cell invasion ability was enhanced after caAKT overexpression ([Figure 3E and F](#f3-ott-12-1509){ref-type="fig"}). Altogether, these results suggested that AKT activation could abrogate the suppression function of KLF13 in glioma cells.

DNMT1 regulates methylation of KLF13 promoter
---------------------------------------------

To investigate the mechanism of KLF13 repression in glioma, we hypothesized that KLF13 was regulated by DNA methylation in the promoter region. We first searched for CpG islands in the promoter of KLF13 and found 28 CpG dinucleotides predicted to be methylated. Then, we performed bisulfite sequencing in three glioma tissues and paired adjacent normal tissues and three glioma cell lines. The results showed that most of the CpG islands were hypermethylated in glioma tissue samples and cell lines compared to that in normal tissues ([Figure 4A](#f4-ott-12-1509){ref-type="fig"}). Then, we determined whether the DNMT family was involved in the hypermethylation of KLF13 promoter in glioma. As shown in [Figure 4B](#f4-ott-12-1509){ref-type="fig"}, we performed quantitative ChIP assay and found that DNMT1 bound to the KLF13 promoter instead of DNMT3A and DNMT3B ([Figure 4B](#f4-ott-12-1509){ref-type="fig"}). Furthermore, we used siRNAs to knock down the expression of DNMT1, DNMT3A and DNMT3B, respectively, and found that DNMT1 was responsible for suppressing KLF13 expression, as knocking down of DNMT1 upregulated KLF13 expression in both mRNA and protein levels ([Figures 4C, D](#f4-ott-12-1509){ref-type="fig"} and [S2](#SD2-ott-12-1509){ref-type="supplementary-material"}).

Additionally, we knocked down DNMT1 and found that cell proliferation and invasion were significantly decreased in A172 and U87MG cells ([Figure 4E and F](#f4-ott-12-1509){ref-type="fig"}). To verify the association between KLF13 and DNMT1, we explored the expression values of DNMT1 in GSE4290 and found that the expression value of DNMT1 was significantly higher in glioma tissues compared to that in normal tissues ([Figure 4G](#f4-ott-12-1509){ref-type="fig"}). Moreover, the expressions of DNMT1 (probe ID: 201697_s\_at) and KLF13 (probe ID: 225390_s\_at) were negatively correlated in glioma samples ([Figures 4H](#f4-ott-12-1509){ref-type="fig"} and [S3](#SD3-ott-12-1509){ref-type="supplementary-material"}). Taken together, the results demonstrated that KLF13 could be epigenetically silenced by DNMT1 in glioma.

Discussion
==========

Previous studies implicated that several KLFs had tumor suppression roles, such as KLF9 in hepatocellular carcinoma, KLF4 in bladder cancer and KLF2 in non-small-cell lung cancer.[@b24-ott-12-1509]--[@b26-ott-12-1509] However, given the tissue abundance diversity of KLF13, the role of KLF13 in different tumor types needs to be further addressed, especially in glioma, which is characterized by its high aggressiveness, metastasis and stemness. This study suggested that KLF13 downregulation was critical for glioma cell proliferation and invasion. More importantly, we indicated that patients with high expression of KLF13 had a relative longer survival time according to the public database.

Consistent with previous study that KLF13 inhibited AKT activation to suppress tumor cell proliferation, we found that KLF13 indeed decreased pS6 expression. However, AKT constitutive activation abrogated the KLF13-induced tumor suppression effects. Our hypothesis was that over-expression of AKT could abrogate the suppression effects caused by KLF13, and the results were consistent with our hypothesis that overexpression of AKT could significantly enhance the proliferation and invasion abilities regardless of the status of KLF13, as evidenced by the fact that there was no significant difference between KLF13-/AKT+ and KLF13+/AKT+ groups. Numerous studies have reported that AKT signaling activation was critical for tumor stem-like phenotype, chemoresistance and metastasis in glioma. For example, AKT induced ABCG2 expression and regulated side population phenotype.[@b27-ott-12-1509] TRIM24 could bind to the PI3KCA promoter and enhance Akt activation to induce glioma chemoresistance.[@b28-ott-12-1509] These results could partially explain that some cases of glioma might be still aggressive even if KLF13 is present and functional, because of the AKT activation.

Aberrant epigenetic modulation has been demonstrated in various types of cancers, including colorectal carcinoma, breast cancer and glioma.[@b29-ott-12-1509]--[@b31-ott-12-1509] The KLF family was reported to be regulated by epigenetic silencing. Among that, KLF4 was methylated in a subset of tumors and cell lines.[@b32-ott-12-1509] KLF2 methylation was associated with non-small cell lung carcinoma progression.[@b33-ott-12-1509] In this study, we noticed that KLF13 promoter was frequently hypermethylated in glioma tissues and cell lines, compared to normal tissues, which explained the downregulation of KLF13 in glioma tissues and cell lines. Mechanically, the DNMT1, instead of DNMT3A and DNMT3B, was responsible for the hypermethylation of KLF13 promoter. DNMT1 was found to bind to the rich CpG dinucleotides regions according to our ChIP data. Interestingly, AKT activation was reported to increase DNMT1 stability and nuclear translocation.[@b34-ott-12-1509],[@b35-ott-12-1509] Consequently, the KLF13 was downregulated by AKT/DNMT1 axis in glioma. Nevertheless, KLF13 could also be regulated by miRNAs. miR-147b was reported to downregulate KLF13 and inhibit cell viability of rat cardiomyocytes.[@b36-ott-12-1509] miR-125a and miR-125b could regulate KLF13 in systemic lupus erythematosus and acute myocardial infarction, respectively.[@b37-ott-12-1509],[@b38-ott-12-1509] Moreover, KLF13 could also be regulated by posttranslational mechanisms. For instance, its activity was reported to be regulated by CBP and PCAF acetylation.[@b39-ott-12-1509] Fbw7γ was involved in the degradation of KLF13.[@b40-ott-12-1509] So, the modulation of KLF13 needs to be further investigated.

Conclusion
==========

Our current findings demonstrated a role for DNMT1-mediated epigenetic silencing of KLF13 in the regulation of glioma cell proliferation and invasion and its clinical prognostic values. Loss of KLF13 in glioma is predominant and correlated with poor prognosis. Thus, upregulation of KLF13 might be employed as a new approach for the management of glioma patients.

Supplementary materials
=======================

###### 

The mRNA of KLF13 was measured in each group treated with control or Tet in A712 and U87MG cells. ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01 compared to the Vector/Tet+ group.

**Abbreviation:** KLF13, Kruppel-like factor 13.

###### 

The knocking down effects of siRNAs targeting DNMT1, DNMT3A and DNMT3B, respectively, were examined by qRT-PCR. ^\*^*P*\<0.05 compared to the control group.

**Abbreviations:** KLF13, Kruppel-like factor 13; NC, negative control; qRT-PCR, quantitative real-time PCR.

###### 

The expression levels of KLF13 (probe ID: 225390_s\_at) in Sun's cohort (GSE4290).

**Abbreviation:** KLF13, Kruppel-like factor 13.
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![KLF13 is downregulated in glioma tissues and associated with longer survival.\
**Notes:** KLF13 expression in glioma tissues according to the Oncomine database (**A** and **B**). (**A**) Sun's cohort (probe ID: 225390_s\_at, normal, n=23, glioma, n=81). (**B**) Liang's cohort (probe ID: H97677, normal, n=3, glioma, n=30). (**C**) Kaplan--Meier curve with the log-rank test indicated that patients with KLF13 high expression had a relative longer survival time according to the PROGgene V2 database.](ott-12-1509Fig1){#f1-ott-12-1509}

![KLF13 inhibits glioma cell proliferation and invasion.\
**Notes:** Tet-inducible expression of KLF13 in A172 (**A**) and U87MG (**B**) glioma cell lines. KLF13 expression was examined by Western blot. Cell proliferation rates of A172 (**C**) and U87MG (**D**) cells overexpressed KLF13 and control by CCK-8 assay. Cell invasion ability of A172 (**E**) and U87MG (**F**) cells overexpressed KLF13 and control by Transwell assay. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001, compared to the vector/Tet+ group.\
**Abbreviations:** CCK-8, Cell Counting Kit-8, h, hours; KLF13, Kruppel-like factor 13.](ott-12-1509Fig2){#f2-ott-12-1509}

![AKT activation reverses KLF13-mediated glioma cell suppression.\
**Notes:** ER-inducible expression of caAKT (Myr-AKT) and Tet-inducible expression of KLF13 in A172 (**A**) and U87MG (**B**) cell lines. Indicated protein expression was examined by Western blot. Cell proliferation rates of A172 (**C**) and U87MG (**D**) cells overexpressed KLF13 or overexpressed caAKT or both overexpressed and control by CCK-8 assay. Cell invasion ability of A172 (**E**) and U87MG (**F**) cells overexpressed KLF13 or overexpressed caAKT or both overexpressed and control by Transwell assay. \*\**P*\<0.01 and ^\*\*\*^*P*\<0.001 compared to the KLF13+/AKT- group; ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 compared to the KLF13-/AKT- group.\
**Abbreviations:** 4-OHT, 4-hydroxytamoxifen; caAKT, constitute-activated AKT; ER, estrogen receptor; h, hours; KLF13, Kruppel-like factor 13.](ott-12-1509Fig3){#f3-ott-12-1509}

![DNMT1 is involved in hypermethylation of KLF13 promoter.\
**Notes:** (**A**) Methylation of CpG dinucleotides of DNA sequences −984 to −697 bp upstream of KLF13 transcriptional start site was detected by bisulfate sequencing. White dot, nonmethylated cytosine; black dot, methylated cytosine. Three glioma tissues and paired nontumor tissues and three glioma cell lines (1, A172, 2, U87MG and 3, U251) were examined. (**B**) ChIP-qRT-PCR of A172 cells using anti-DNMT1, anti-DNMT3A and anti-DNMT3B. IgG was used as control. The KLF13 mRNA levels (**C**) and protein levels (**D**) were examined after knocking down DNMT1, DNMT3A and DNMT3B, respectively. (**E**) Cell proliferation assay of glioma cells with knocking down of DNMT1. (**F**) Cell invasion ability was examined in glioma cells with knocking down of DNMT1. (**G**) DNMT1 (probe ID: 201697_s\_at) expression was measured in Sun's cohort (GSE4290). (**H**) The expression correlation between DNMT1 (201697_s\_at) and KLF13 (225390_s\_at) was examined by Pearson's test. ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01 compared to the control group.\
**Abbreviations:** ChIP, chromatin immunoprecipitation; h, hours; KLF13, Kruppel-like factor 13; NC, negative control; qRT-PCR, quantitative real-time PCR.](ott-12-1509Fig4){#f4-ott-12-1509}
